Multi parameter ftuorlmetrlc analysi s In a massively parallel multi-focal arrangement 

anfl the thereof 



The present invention relates to a method and device by which laser-Induced fluorescence is detected 
In a plurality of confocal volume elements, in parallel jn a sample volume; ahd'.tohereby from the flow of 
detected fluorescence photons time-resolved mulii-pararneter Information about the sample Is 
extracted, in particular about the biochemical compoeltionj the physical, chemlcal. op spectroscopica! 
properties, or the structure of biochemical or biological. samples. The Inventive method rs particularly 
suitable for measuring . high-resolution biochemical Kinetics and for high-throughput screening 
applications. 

Backgroun d of the Invention 

In the life sciences in general, and in biotechnology In particular there exists an extensive need for 
bioanalytlcal methods that enable the precise, fast and efficient analysis of chemical, biochemical end 
biological parameters in different sample formats, e.g. aqueous solutions, complex biochemical 
mixtures, at the surface or In the Interior of cells, or In specimens taken from plant or animal tissue. 

The general task of such bioanalytlcal methods is the characterization of a biological or biochemical 
sample with regard to its chemical composition with a very high spatial and temporal resolution. 
Ideally, these methods allow the real-time analyse? of the chemical composition of small, addressable 
volume elements and their change over time. The scale of such volume elements should be in the 
range of the microstructure of biological processes, I.e. the size of a cell and below. The temporal 
resolution should be in the order of the biological processes, i.e. in the range of microseconds and 
less, The sensitivity should be down to the single molecule level, because biological processes often 
rely on or are triggered by a single moleculs : Moreover, populations of biological molecules - such as 
proteins - are obviously quite heterogeneous as can be seen from single molecule analyses, and this 
intrinsic heterogeneity seems to be quite Important for the regulation of biological processes. 

The use of fluorescence Is extraordinarily well suited for such bioanalytlcal methods for a number of 
reasons. First, fluorescence is induced. Hence, molecules of interest can selectively be excited, 
thereby enabling to discriminate between different molecules and to suppress background. Second, 
fluorescence is a property of the single molecule, i.e. a single molecule can be excited and 
correspondingly emits single photons that can be detected. Therefore, fluorescence can be measured 
with single-molecule level sensitivity. Third, fluorescence parameters are characteristics of the nature 
of the molecule that undergoes fluorescence. The wavelength of photons that are absorbed, the 
lifetime of the excited state, the wavelength of emitted photons and the polarization angle of emitted 
photons are all characteristics of the chemical structure of the fluorescent molecule. These and more 
parameters can all be exploited to detect and discriminate different biomolecules. Fourth, fluorescence 
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Is fast The lifetime of the fluorescent state is typically In the order of pico- to nanoseconds. Therefore, 
kinetics In the order of micro- to milliseconds can be resolved. Fifth, fluorescence is non-destructive 
and non-invesiv and does not require any fixation of the specimen. Therefore, fluorescence can 
easily be analyzed in living cells or In tissue under mild conditions. 

A number of bloanaiytlcal methods that base on the measurement of fluorescence is known. In order 
to have a high spatial resolution, fluorimetry was rather early combined with confocal setups. The 
application of fluorimetry In a confocal setup In biotechnology was extensively demonstrated by Eigen 
and Rigler (PNAS 1994, 91(13):5740), Eigen and Rigler described in particular fluorescence 
correlation spectroscopy, which records correlations among the fluctuating fluorescence emission 
signal, end which thereby allows the analysis of molecular diffusion and transport phenomena. The 
authors used this technique for the measurement of molecular sizes and of biomolecular interactions 
such es the binding of a llgand to its receptor. Furthermore, they coupled these analyses with devices 
for trapping single molecules In electric fields, In order to Increase the sensitivity and to decrease the 
detection limit further. In these measurements, molecules were labeled with specific fluorophores and 
could be monitored at concentrations of 10" 1B M and less. 

Problems of rhis and other setups are among others the limited spatial resolution, comparable long 
recording times in order to obtain very high data quality, the requirement tor overlaying two or more 
laser beams In order to excite more than one fluorophor, and ihe difficulties of aligning the pinhole lo 
restrict the open volume element In the axial direction. 

Multi-photon excitation has been used to decrease the size of the volume element further and to 
clearly restrict the volume element without requiring any pinhole. The principles of two-photon 
excitation in combination with high resolution microscopy were described by Denk et al. (Science, 246 
(1990) 73-76). Multi-photon excitation has several substantial advantages especially for the use with 
biological samples and methods based on molecular fluctuations in a microscopic focus. Two-Photon 
excitBtion is restricted strictly to the focal area of a microscope objective due to its non-linear nature. 
The result of this is a very high contrast, a very high spatial resolution, and no need to use a spatial 
filtering element ("pinhole*) to confine the detection volume, which facilitates the alignment procedure. 
Further, problems such * s photodestruction and photobieachlng of the bfomolecules or the marker 
molecules are reduced. Photodestruction and similar effects often lead to false or misinterpreted 
results. 

A particular set-up for the use of two-photon excitation Is described in WO 02708732. Sample analysts 
marked by different fluorescent dyes having spectrally different fluorescence emissions are Illuminated 
by one laser-wavelength by means of two-photon excitation/The fluorescence emissions are detected 
by two sepBrete detection devices. The use of two-photon excitation ensures both, the identity of the 
excitation volumes for both dyes and avoids the use of a pinhole for the confinement of the measuring 
volume In both detection paths. The setup is, however, limited to cross-correlation and/or confocal 
fluorescence coincidence analyses, and reveals no spatial information. 
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Analyses with higher precision, higher sample throughput, and In addition spatial information about 
each sample, can be achieved when parallelizing these single-focus confocal fluorlmeTric setups. 
Preferably this can be done using setups with multiple foci. ' 



Improved setups for tluorimetric analyses have been described tnat dated fluorescence in a multitude 
of volume elements. The patent specification US 5,615,262 describes an apparatus and a method for 
carrying, out laser-induced two-photon fluorescence correlation spectroscopy in parallel In a plurality of 
probe volumes. In this setup, a laser beam is consecutively focused via microscope objectives through 
a series of sample volumes, i.e. the tight passing one sample volume is refocused Into the next 
sample. Fluorescence Is detected by a parallel arrangement of optical devices comprising lenses, 
filters and a photomuitlpller for each sample. The setup is complex since It requires high quality optics 
for each focus. Furthermore, the excitation intensity decreases from sample to sample due to optical 
losses in the samples and optics alongside the serial arrangement. This leads to limitations when 
comparing resulting fluorescence signals from different samples. Furthermore, the setup generates 
foci In different samples. Therefore, the setup reveals no spatial information from the sample. 



WO 01/40769 describes a setup for measuring fluorescence in a confocal setup In a multitude of 
focal points created In each sample. The technical set-up uses a multitude of optical fibers, a beam 
splitting device and focussing optics. The laser beam or any other light used for excitation is guided 
through a multitude of optical fibers. The output of fibers Is directed via a dlchroic mirror to a focusing 
optics which In turn is focusing the excitation light Into a multitude of secondary fibers. The output of 
the secondary set of fibers is focused by another focusing optics into the sample creating a multitude 
of foci. The resulting fluorescence from molecules in the foci is then collected by the same optics into 
the secondary fibers. Then, after passing the dlchroic mirror, the fluorescence is focused into a third 
multitude of fibers which finally directs the fluorescence light onto at least one detector device. To 
achieve diffraction limited high quality focal spots in the sample and confined detection volumes, which 
are essential for measurements based on molecular fluctuations, all fibers in the optical excitation path 
have to be monomode fibers. Besides the fact that the alignment procedure Is very time consuming, 
the coupling of light Into monomode fibers fs subject to severe loss of intensity. This accounts for the 
excitation light aa well as for the detected fluorescence, which lead to a significant reduction in the 
number of detected emission photons per excited molecule. In addition, this makes the setup 
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incompatible with multi-photon excitation since the fibers cause a significant pulse-broadening of fs 
laser pulses, which are necessary for two-photon excitation. Using one-photon excitation in a multi- 
focal setup* however, leads to severe crosstalk between the foci due to excitation beyond the focal 
area, which further reduces the quality of the signal 

In summary, all the conventional setups described so far are limited in terms of their spatial and 
temporal resolution, their signal quality, their recording speed and therefore their sample throughput 
their robustness toward complex and changing sample matrices, and their technical stability and 
requirements for readjustments and alignments. 

Summary of the invention 

Therefore, the technical problem underlying the present invention is to provide an improved method for 
analyzing fluorescence parameters of a sample. A particular object of the Invention Is to provide a 
method for analyzing in particular biological or biochemical samples with high spatial and temporal 
resolution, with a high sample throughput, with a high robustness toward complex and changing 
sample matrices, and with a high optical stability and less efforts In aligning the optical setup. The 
setup ehoutd be broadly applicable, for a variety of fluorescent molecules and a maximum of 
fluorescence read-out parameters. Another object of the invention Is to provide an improved device for 
analyzing fluorescence parameters of a sample. 



According to a first aspect of the invention, a method for analyzing properties of a sample by 
measuring fluorescence parameters (or generally: parameters of the interaction between light and the 
sample) in multiple foci, comprises the steps of splitting a collimated primary (or first) laser beam with 
a splitting device Into at least two collimated secondary laser beams and deflecting the secondary (or 
second) laser beams such that they propagate at different propagation angles with respect to an 
optical axis of a focussing optic, focussing the secondary laser beams with the focussing optic into at 
least two volume elements In the sample, detecting light emitted from the volume elements with a 
detecting device, and evaluating the detected light for obtaining the properties to be analyzed. 
According to a second aspect of the Invention, a device for analyzing properties of a sample by 
measuring fluorescence parameters in multiple foci, comprises a source for generating the collimated 
primary laser beam, a splitting device for splitting the primary laser beam into at least two secondary 
laser beams, wherein the splitting device contains plane refractive or reflective surfaces being 
arranged for forming the secondary laser beams as collimated laser beams each of which having a 
different propagation angle with respect to an optical axis of the focussing optic, a focussing optic for 
focussing the secondary laser beams into at least two volume elements in the sample, and a detecting 
device for detecting light emitted from the volume elements and for evaluating the detected light In 
order to obtain the properties to be analyzed. By the combination of these measures, the foci in the 
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sample can In particular be produced with high precision end improved homogeneity. Splitting the 
excitation light into collimated beams has the particular advantage of avoiding optical distortions in the 
optical setup. 

In particular, the present Invention Is directed to a method and a device that enable the 
characterization of samples with high spaed by measuring simultaneously, In a plurality of volume 
elements In each sample, laser-induced, multi-photon excited fluorescence with high spatial and 
temporal resolution. Main benefit of this multi-foci setup is that determination of molecular 
fluorescence parameters can be performed In parallel Instead of subsequently. Therefore, 
measurement times can be shortened significantly. In addition, several molecular parameters can be 
analysed simultaneously in a sample and compared In real time, The method is particularly suited for 
performing fluorescence flucluatlon analyses. Fluorescence fluctuation analyses are analyses that 
determine sample properties by evaluating fluctuations in Ihe fluorescence signal. Such evaluation Is 
preferably done by momentum analysis. The method allows therefore determination of molecular 
parameters like fluorescence lifetime, fluorescence anisotropy, fluorescence energy transfer, 
fluorophor mobilities, and their combinations In a multitude of foci. The setup reveals diffraction limited 
optical quality and Is free from crosstalk between ihe foci in the same sample. Furthermore, the setup 
is compatible with a wide range of fluorescent molecules, preferably by tuning the excitation 
wavelengths to excite all fluorescent molecules of Interest at the same rime without the need of any 
alignment procedure or changing optica! components, further, the setup provides a homogeneous 
intensity distribution among the focal volume elements for wavelengths over a broad wavelength 
range. 



For multi-photon excitation applications, the method of the invention comprises the following steps: 

(a) generating the first laser beam with an intensity and wavelength that Is suitable for multi-photon 
excitation; 

(b) generating a plurality of two or more second laser beams with homogeneous intensities from the 
first laser beam; 

(c) coupling the plurality of two or more second laser beams at different angles into the back 
aperture of a microscope objective forming the focusing optic, thereby generating a plurality of 
two or more Illuminated volume elements tn the sample volume: 

(d) projecting the plurality of two or more volume elements by means of the same microscope 
objective and a beam splitter on a plurality of two or more detection units; 

(e) transform the flow of detected photons in each detection unit Into a signal stream over time; and 

(f) converting and/or combining the signals collected from the plurality of volume elements at 
different time points and from different detection unlt6 into information about the sample In the 
sample volume. 



The device for multi-photon excitation applications comprises In particular the following components; 
a source for generating a first laser beam that is suitable for multi-photon excitation; 
an arrangement of optical components for splitting the first laser beam into two or more secoi 
laser beams preferably with homogeneous intensities; 
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an arrangement of optical components for coupling the second laser beams at different angles Into 
the back aperture of a microscope objective; 
a microscope objective; 

a beam splitter for separating fluorescence photons from the excitation radiation; 
a focusing optics to project each volume element onto a detection unit, optionally via optical fibers; 
two or more detection units, the number being equal to or a multitude of the number of second 
laser beams; and 

a signal processing unit to transform detected photons Into a signal stream, and to compute 
combinations and correlations of the signals from different volume elements at different time 
points. 

According to the Invention the plurality of volume elements are defined by a plurality of focal spots 
within the same sample volume. The multifocal set-up Is performed by an Inventive arrangement of 
optical devices. 

In a preferred embodiment of the invention, the technical set-up consists In the splitting of the laser 
beam into several Individual beams by the use of an array of mirrors. In another preferred embodiment 
of the invention, the multi focus array is generated by the division of the one laser beam into individual 
beams with different angles by the means of an arrangement of prisms. In a particularly preferred 
embodiment of the invention, the multi-focal set-up is generated by a combination of an arrangement 
of prisms and an array of mirrors. 

Brief description of the figures 

Further details, advantages and preferred features of the invention are described in the following with 
reference to the attached drawings. The drawings are provided In order to explain further the present 
Invention In supplement to the detailed description, but are not obstrued to limit the invention in any 
regard. 

Figure 1: depicts schematically the Invention with the method and apparatus enabling measuring 
fluorescence parameters In a plurality of volume elements within the same sample volume defined by 
the plurality of focal points, 

Figure 2: depicts schematically embodiment A of the invention whereby the generation of a multi focus 
array Is realized by a mirror array. 

Figure 3: shows the use of beam shaping elements, embodiment A1 uses a gradient NO Alter and 
embodiment A2 uses a diffractive beamshaper, 

Figure 4: depicts schematically embodiment 0 of the invention whereby the generation of a multi 
focus array is realized by a set of Woliaston prisms, 
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Figure 5: depicts schematically embodiment C of the invention whereby the generation of a mult! 
focus array is realized by a combination of Wollaston prisms and a mirror array. 

Figure 6: shows the pattern of focal points generated by the inventive application of 4 Wollaston 
prisms. 

Figure 7 depicts a particular setup with an additional beamsplitter that Is used to spilt the fluorescence 
light equally onto two coincidence channels. 

Figure d shows the measurement of . the coincidence value and its standard deviations of 
Telrsmethyimqcfamlne (TMR) solutions using a beamsplitter whfeh splits the fluorescence intensity 
equally onto two channels, shown Is a comparf9an of a 12 Foci setup with the same measurement In a 
1 Focus setup et different measuring times. 

Rgure 9 shows a comparison of the z-factor qf a one-focus, onerphoton measurement of the diffusion 
time of TMR oompared with TMR-|abe[|ed bovine serum albumine (BSA) with the same measurement 
|n a multifocal two-photon setup. 

Figure 10 shows fluorescence lifetime analyses of TMR measured with the Inventive multifocal setup. 



Detailed description of the invention 

In the framework of this Invention the following terms and definitions are used. 

-Counts Per Particle" Is the average number Df photons per second, emitted by a persistency re- 
excfted single fluorescing molecule and detected by a detection unit with consideration of all optical 
fosses In an optical set-up. 

The term "volume element" Is referred to the extracted volume within the sample volume with Ha 
dimension being defined by the Inventive use of confocal optics. The "volume element" is the unit 
within the sample volume, at which the sample is Illuminated by the second laserbeam generated by 
this invention. Fluctuation analyses evaluate signal fluctuations In such a volume element. 

A "ConfocaT set-up is defined by an arrangement of optical components where the optical excitation 
and detection path is directed through one single lenee or microscope objective thereby causing the 
focus of this lense or microscope objective being identical for the optical excitation and the optical 
detection path. This ensures that even with a volume element which is smaller as < 1pm in diameter 
the excitation volume and the detection volume within a sample is identical without any need for 
alignment to overlay those two volumes spatially. 
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"Illumination Intensity" Is the Intensity of electromagnetic radiation, which is finally Illuminating the 
volume element considering all losses in an optical setup. 

The present Invention is directed to a method and a device that enable the characterization of samples 
with high speed by measuring simultaneously, in a plurality of volume elements In each sample. laser- 
Induced, multi-photon excited fluorescence with high spatial and temporal resolution. The detected 
fluorescence photons are transformed Into a signal stream that carries information about the location 
of the volume element from which each detected photon originated, the energy and the polarization 
angle of each detected photon, the life time of the excited state of each detected photon, and further 
parameters. The signal stream Is evaluated In real time In order to reveal Information about the 
structure and/or composition of the sample that is analyzed and the temporal evolution of these 
parameters. 

An embodiment of the invention, in particular a method being adapted for multi-photon excitation of 
the samples, is schematically illustrated in Fig. 1. Accordingly, a first laser beam 101 Is generated that 
has a photon density and a wavelength which are suitable for Multi-Photon Excitation. By means of a 
beam splitting unit 102, this first laser beam Is separated Into a plurality of two or more parallel second 
laser beams 103, with a homogeneous Intensity distribution among the second laser beams. The 
direction of the multitude of second laser beams is then modified by a deflection unit 104 In order to 
generate laser beams with different angles 106. Via a beam splitter 106. these laser beams are then 
coupled Into the back aperture of a microscope objective 107, thereby generating a multitude of two or 
more Illuminated volume elements 108 in the sample volume. The photon density in each of the 
volume elements is set as high as required for Multi-Photon Excitation, and fluorophores residing in or 
passing through the volume element are excited to their fluorescent state. The volume elements are 
then projected via a focusing optics 109 onto a detector set 110 which, in combination with a signal 
processing unit 111. enables the time-resolved detection of photons, their allocation to any of the 
employed volume elements, and their characterization with regard to the photon energy, the duration 
of the excited state, the polarization angle and further characteristics. By means of the signal 
processing unit 111, this information is further processed in order to reveal information about the 
structure and composition of the sample that is analysed and the temporal evolution of these 
parameters. Therefore, the method is particularly suited for measuring chemical or biochemical 
reactions, such as Ifgand-receptor binding, enzyme kinetics or similar kinetics. Moreover, the method 
is particularly suited for measuring molecular transport processes. 

The use of Multi-Photon Excitation In confocal fluorlmetry offers several benefits over Single-Photon 
Excitation. First, multi-photon excitation is restricted strictly to the focal area due to Its non-linear 
nature. A consequence Is the elimination of the problematic so-called n cross-taik" between different 
foci in a 6ample. As the excitation is negligible outside the focal volume, interferences by fluorescence 
from out-of focus background of the diverse adjacent excitation and detection volumes do not exist. 
Therefore the Important parameter Count6 Per Particle is not compromised in the multifocal setup, as 
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It typically Is when using one-photon excitation. Multi-Photon Excitation also avoids the use and time- 
consuming alignment of Individual pinholes for each focus as necessary for one-photon setups to 
further confine the detection volume. In combination with the large detection area of the employed 
detectors, Multi-Photon Excitation enables a very high alignment stability. 

Another important advantage of Multi-Photon Excitation refers to the possibility to excite 
simultaneously several fluorescent molecules that differ significantly in their one photon absorption 
spectra. Multi-Photon Excitation Is capable to excite all common fluorescence dyes and fluorescing 
proteins, since their two-photon cross-section spectra have a significant amplitude In the range of 
common tuneable lasers. Even If the emission spectra of excited fluorescent molecules are quite 
different, typically a common two-photon excitation wavelength can be found, since their two-photon 
cross-section spectra overlay significantly. As a further consequence, there Is no requirement to 
overlay the excitation volumes of different lasers by time-consuming alignment processes. Another 
advantage of Multi-Photon Excitation is that, In general, the requirement for changing filters or dichroic 
mirrors and subsequent time-consuming re-alignment of the system whan using different fluorescing 
molecules is dispensable. One filter and one dichroic mirror-set can generally be used to prevent 
photons of the Infrared excitation-source to hit the detectors which are supposed to detect only 
photons in the visible range where the wavelength, of fluorescence photons emitted by the fluorescing 
molecules lies. 

Another advantage of Multi-Photon Excitation is the high quality of the resulting focal spots with 
respect to the shape of their excitation profiles which Is close to a sphere. A consequence of this is 
that even for read out parameters which strongly depend on the shape of the focal volume element, 
e.g. molecular brightness, the optics for the creation of the excitation and detection volume has not to 
be changed in a time consuming procedure as It is typically required in the case of Single-Photon 
Excitation. 

In order to achieve reasonable Multi-Photon Excitation, a high peak power of the electromagnetic field 
Is needed „ According to the method of the invention, this is achieved by employing pulsed laser 
sources as sources for the first laser beam (101), Preferably, high-repetition femtosecond pulsed 
lasers having repetition rates in the range of 100 MHz and pulse durations In the range of 100 - 300 
femtoseconds are used. These laser sources provide very high peak ' powers while still being 
insensitive to pulse broadlng which may be due to dispersion effects In the optips of & confocal setup. 
The high repetition rate In the range of 100 MHz allows a maximum rate of subsequent excitations of 
the fluorescing molecules since the corresponding period of 10 ns Is well above the relaxation time of 
most of these molecules which Is in the range of 0.5 to 5 ns. however, when the analysis is based on 
molecular states, which typically have even shorter lifetimes than 0.5 ne, e.g, states with typical 
lifetimes on the ps orfe time scale, even significant higher repetition rates of the excitation pulses than 
100 MHz are preferred. Therefore, the invention preferably employs a wavelength-tunable llghr^source 
providing linearly polarized ultra-short laser-pulses In the near infrared, e.g. Titan^Saphir fs-light- 
sources. The use of light in the infrared region Is advantageous for excitation of most common 
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fluorescent molecules via two-photon excitation. A further advantage in the use of femtosecond pulses 
is the possibility to simultaneously measure dynamics on the picosecond (e.g. fluorescence lifetime) 
and femtosecond timescales (e.g. vibrational redistribution of fluorescent molecules). The excitation 
can also be done by circularly and/or linearly polarized laser light, 

A pulsed laser source Is also employed in the Inventive setup In order to enable the measurement of 
the duration of the excited state for any detected photon. By means of a signal processing unit, the 
time-resolved signals from the detection unit are combined with a trigger signal from the pulsed laser 
source to extract Information about the distance between the Two-Photon Excitation event and the 
emission of the corresponding fluorescence photon. 

According to the method of the invention, the coillmated laser beam generated by a suitable laser 
source la preferably widened to the size of the back aperture of a high quality microscope objective or 
a. multiple thereof and then separated or splltted by a set of optical components 102 into a multitude of 
secondary Individual beams 103, which are eventually guided into a multitude of focal points within the 
sample volume by the inventive arrangement of optical devices. 
According to the Invention ihe secondary (aser beams have identical intensities even If the wavelength 
fs tuned over a broad range. The Intensities of the, beams are regarded as identical when the 
rnepsurable differences are smaller than 5-10 % of the mean of the Intensities of ihe plurality of the 
beams. A wavelength range Is regarded as broad when It covers at leasrl 00-200 nm. 
The beams are next deflected by a set of optical components 104 In a way that all secondary beams 
overlay In the bBck aperture of a microscope objective 107, each entering into the objective at a 
slightly different angle 106). The multitude of non-parallel but collimated laser beams is then reflected 
by a beam splitter 105 that Is able to discriminate between the - longer wavelength excitation light and 
the shorter wavelength emission photons. Thus, the beam feplitter 105 is typically a dichroic mirror, but 
may also be a polarization cube, an intensity beam splitter, or a similar optical component. 

The multitude of diffraction-limited excitation spots in a sample is generated using a high quality 
microscope objective 107. According to the Invention the positions of the Individual foci In the sample 
108 are determined by the incident angle of the Individual beams that ©nter the back aperture of the 
microscope objective. The size of the foci is typically In the range of <Vm, bat maybe significantly 
smaller or larger. The positions and distance belween the foci can by adjusted as desired by the 
inventive arrangement of optical devices. Typically foci to foci distances are preferably in the order of 5 
to 50 />m, more preferably between 10 and 20 /vm, but can range from a fraction of the diameter of 
each focus up to the limit of the focusing optic. When using typical high-quality microscope objectives 
this limit is between 300 and 1Q00 yum. The number of foci is also not limited and depends solely on 
the optical component 102. Depending on the embodiment Ihe number of foci Is either proportional to 
the number of optical components 102 or is even as high 2" or less, where n is the number of 
optical components 102. 



Preferably, the number of foci is between 2 and 10000, more preferably between 2 and 1000, and 
most preferably between 2 and 100. 
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The fluorescence photons emitted by molecules that are excited when residing in or passing any of the 
volume elements, are collected by the same microscope objective 107. Due to the nature of the beam 
splitter 105 as described above, the fluorescence photons pass the beam splitter 105 and are 
refocused onto a detection unit 110. This detection unit comprises several detection areas. These 
detection areas can be sensitive areas of individual detectors, e.g. photo diodes, in particular APD's. 
or partitions of the sensitive area of detection arrays, such as CCD chipB. or similar detection devices. 
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Preferably, the detection unit 110 has to provide enough sensitivity to detect single photons hitting the 
sensitive areas of the detection unit. Whenever photons are detected In a sensitive area of the 
detection unit, a signal corresponding to the address of the volume element from which the photon 
originated, the wavelength and/or the polarization angle of the photon and further parameters are 
extracted by a signal processing unit 111. 

The Inventive method can be realized by one of the following embodiments. In a first embodiment 
(Embodiment A, Ffg. 2). the generation of the collimated beams having different Incident angles Is 
achieved by an arrangement of fiat mirrors. In this case the ©animated laser beam generated by the 
source (201) Is widened to the size of the entire array of flat mirrors by means of a beam expander 
(202) and then moderated by means of a beam shaping element ( 203). The tilting angle of the mirrors 
can be. in turn, adjusted individually to direct the Individual coliim^ted beam by an Individual mirror to 
ihe back aperture of the microscope objective. According to the invention the exact position of the 
corresponding focus in th© sample can me be governed by the tilting angle of the mirrpr. Therefore 
also the exact focal position In the detection path, which is described below, can be determined by the 
tilting angle of the mirror. According to the Invention this avoids an individual alignment of the 
detectors or detector fibers (210) in the detection path- This facilitates the Initial alignment of the 
system in a very advantageous way. The optical quality of the foci created In this way is very high, 
since the beamproflle or the individual beams Is very close io e so-called "flat top" shape and the 
wavefront of the beam9 is very flat. 

In a preferred embodiment of the Invention (Embodiment A1, Fig. 3), the gausstan Intensity profile of 
typicel laser sources Is changed using a gradient neutral density filter in order To achieve 
homogeneous excitation intensities In each focus. The gradient neutral density filter has a 
centrosymetrlc Inverses gausslan profile of the optical density. The maximum optical density is 
therefore In the center of the filter where the maximum intensity of the laser beam occurs. The optical 
density at this point, however, Is only as dense that stlli a significant pari of the light can pass. In the 
same way, the Intensity of the beam is decreasing away from its center the optical density of the filter 
Is decreasing. The resulting intensity profile after the filter is flat In a oBntrai region of the original gauss 
profile. This region Is then used to Illuminate the mirror array homogeneously, 

fn a second preferred embodiment of the Invention (Embodiment A2 f Fig. 3), a diffractive beam shaper 
Is used es the beam shaping element In order to achieve homogeneous excitation intensities In each 
focus. An diffractive beam shaper is a special case of a diffractive element (Turunen and Wyrowski, 
Eds. , In: Diffractive Optics for Industrial and Commercial Applica1lons> Akademie Verlag, Berlin, 
1397), Unllk© lenses and mirrors, the function of diffractive elements is based on scattering and 
Interference. A diffractive element Is usually a thin flat substrate. On one side of the component there 
is a fine groove structure. Diffractive optics shapes light by exploiting Its wave nature. The advantage 
of using a diffractive beamshaper over using the gradient neutral density filter Is that there is no loss of 
the laser Intensity. Diffractive beamshapers, which are known to person who are skilled in the art, are 
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using interference effects to create any desired diffractlve pattern from a beam with known properties. 
The preferred diffractlve pattern used for this embodiment of the Invention creates a so called "flat top* 1 
pattern from the Incoming beam, which distinct feature Is a homogeneous, rectangular Intensity profile. 
Therefore each mirror can be Illuminated homogeneously. 

In a further embodiment of the Invention (Embodiment BJ. the multi-focus array Is generated by means 
of prisms. Fig. 4 shows schematically a preferred technical set-up of this embodiment. The laser 
beam provided by the source (401) is expanded to the size of the back aperture of the high quality 
microscope objective (407) and then guided to a set of prisms (403), By the use of polarization prisms 
the laser beam Is spilt Into a multitude of beams with the absolutely Identical high quality beamproflles 
and energies but with different propagation angles. Preferably, the division of the one laser beam into 
several single beams with different angles js accomplished by 3 set of Woliaeton prisms According to 
the invention an Intrinsic feature of prisms Is used, whlcn consists In the separation of a laser beam of 
linear polarized Tfgh't into two beams with orthogonal polarization angles which are identical despite the 
polarization wiiehtjie polarization of the incoming beam Is tilted by 45 p with respect to the two 
orthogonal polarizations of the two outgoing beams of the prism. According to the Invention n prisms 
can be arranged In an array with alternating relative angles of the : main axis of 45 • for the generation 
of 2" identical beams with alternating polarization. This enables the creation of an exponential 
increasing number of Identical beams with only a linear increase of the number of used prisms n. in t a 
preferred embodiment these outgoing beams have only slightly different propagation angles of 
typically Jess than 1°. Therefore, in this embodiment the set of Wollastori prisms serves as the beam 
splitting (102) and the deflection unit (104) in combination. 

In a particularly preferred embodiment (Embodiment £1 ), the Wollaston prisms are arranged to 
achieve a rhombus-shaped focal array. An example of such an arrangement with four Wollaston 
prisms is shown in Fig. 6. The first Wollaston prism la oriented towards the expanded linear polarized 
(aserbeam In a way (tilting angle 45°), that the beam is split into two new beams with orthogonal linear 
polarizations which deviate and - 45° from the original polarteallon. This Is repeated for the two new 
beams with a second Wollaston prism which In lurn again splits the two beams Into four new beams. 
The next Wolfaston prism again splits the four beams Into 8 be^ms but this time the splitting angle of 
the propagation vectors of the beams Is half the amount of the splitting angles of the first and the 
second Wollaston prism to avoid recamblnlng of beam vectors. According to the invention there are a 
multitude of possibilities for relative orientations and splitting angles of the prism assembly to yield well 
separated beams of the same quality and energy and also different energies. 

The outgoing beams of the array Then are directed towards a focussing optic e.g. the back aperture 
of tne microscope objective, creating [dentlcat high quality focal spots at different positions in the 
sample according to their different Incident angles. When using Woliaeton prisms the deviations of the 
centers of the incoming beams from the center of the back aperture of the objective are extremely 
smell and do not compromise the quality and uniformity of the foci since the angles are typically less 
then 1°. 
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In a further, particularly preferred embodiment (Embodiment C) the multf focus array is generated by 
the combination of the technical set-up of prisms and flat mirrors. A preferred technical set-up of this 
embodiment la shown schematically In Fig. 5, Here, the outgoing beams of the array of prisms (503) 
hit mirrors of a mfrrdr array (604) and are then directed by tilting the individual mirrors fn the mirror 
array. Preferably, wollaston prisma are used as the beam splitting prl6ms (603), This setup combines 
the advantages of both Individual setups without any drawback. In particular, the small deviations of 
the centers of the Incoming beams of the prisms frorri the center of the pack aperture of the objective 
In the preferred embodiment B - can be compensated by tiltjng the mirrors in such a way that all 
beams are combined exactly at the back aperture of the objective. Also the Identical foci in the sample 
oan be positioned in any desired way by tilting the Individual mirrors. Therefore, In this embodiment the 
set of prisms (503) serve as the beam splitting milt (1 02) -and the mirror array (504) serve as the 
deflection unit (104): Due to the prbpertles of Wollaston prisms/In such a setup no beam shaping 
element Is required. 

According to the Invention. (he detection unit (1 10) Is arranged Inaway thafaiiows the time-resolved 
detection of single photons originating from each of the multitude of volume elements* Fluorescence 
light emitted by the fluorescing molecules at Th£ foci In the sample Is collected by the microscope 
objective and creates at the back aperture outgoing beams with the same small deviations In the 
propagation angles as the Incoming excitation beams- created by the Inventive setup . They pass the 
dlchfolc mirror (105) known from stare of the art confocal techniques c*nd are focused at a position 
depending on the properties of the microscope objective or additional focussing lenses known to' 
persons ekllled In the' art. At the position of the foci ! at le&st one detector Is. placed to detect the 
intensity or single photons of the emitted fluorescence light. In a preferred embodiment one detector is 
detecting all fluorescence of the individual foci, in a especially preferred embodiment of this type the 
deiector is capable of single photon counting and has a high time resolution of <1 ns. in this especially 
preferred embodiment the one detector can distinguish photons comihg from different foci by 
Identifyfng characteristic different arrival times associated with the Individual foci. In another preferred 
embodiment the fluorescence of individual foclls detected by an array of detectors. One preferred 
embodiment of this type Is a hfgh sen9itfvei'eCO (charged couple device) which can detect and resolve, 
more than to 1 000 x 1 000 foci at the same time.' Another preferred embodiment of this type is an array 
of photomultlpllers or avalanche photo diodes (APPs) having Individual detectors placed at the 
positions of the focussed fluorescence of the individual foci created In the sampie and berng able to 
resolve the arrival times of single photons by better than i ns; Another preferred embodiment Is an 
array of cleaved or polished fiberencfs of fibers which In turn guide the collected fluorescence light in 
the Individual detectors. 

in the Inventive method, the signal processing unit (1 11) is employed to extract Information about the 
structure and composition of each sample that Is analyzed and the temporal evolution of these 
parameters with high speed and high resulution. This Is realized by a combination of several signal 
processing modules. As described above, each Individual detector of the detection unit generates a 
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lime-resolved stream of electronic pulses corresponding to the stream of photons hitting this detector. 
These single photon counting signals from the detectors are split Into two electronic devices. One 
device is a standard electronic OR-gate, The Output of the OR-gate Is the time*rasolved sum of all 
electronic pulses created by all detectors for the Individual foci. The other device Is a binary decoder. 
The output of the binary decoder 19 a - the address of the detector where a photon was detected at 
the time the electronic pulse was created, poth outputs are connected to a ps time analysator which 
calculates distances between electronic pulses and laser trigger signals. 

Since there is no deadtfme connected to the detection of a single counting event In this type ol device, 
this electronic ©valuation is capable of evaluating photon count burst rates of up to several GHz and 
can evaluate counts from more than 200 detectors at the same time with a time resolution of betler 
than 300 ps. Therefore an individual evaluation of the fluorescence lifetime or photon arrival times 
measured in a very-large number of foci Is enabled with ps-tlme resolution by this method. Also all 
other confocal methods based on the fluctuations of molecules and other methods based on 
fluorescence can be evaluated for each focus with thfs device Individually. Also the individual arriving 
times of the photons can be connected to other measurable parameters or their combinations for each 
Individual photon. The plurality of foci and the fast electronic acquisition also allow to extract 
Information about the structure of the sample. 

Experimen ta l section 
Example 1 

In a first experiment, confocal fluorescence coincidence analysis is used to demonstrate the high 
precision of the method of the invention, The particular setup for this example Is shown in Fig. 7. A 
beamsplitter (71 3) was used to split the fluorescence light equally onto both coincidence channels. 
Tetramethylrhodamin (TMR) solutions were used at concentrations of 20 and 100 particles per focus. 
Two-Photon Excitation was done a,t a wavelength of 830 nrn. The measurements were performed at 
1000. 500, 300. 200, 1 00 and SO ms, respectively. Shown Is the comparison of results obtained using 
one focus compared to 1 2 foci simultaneously (see Figure 8). Standard deviations were determined 
from 3 measurements and are shown as errorbar6. The plot dearly demonstrates that the multifocal 
setup allows the reduction of the measuring time by a factor that Is proportional to the amount of foci 
while maintaining the same standard deviation. The standard deviation of the 100 ms measurement 
using the multifocal set-up is even better than the standard deviation of the 1000 ms measurement 
using one focus. Especially at very short times, when statistical fluctuations come into play, the results 
are a lot more accurate with the multifocal setup. Measurements can be performed well with 
measuring times lower than 1 0G ms, at which the single focus set-up shows an unacceptable high 
statistical error. 

It clearly can be seen that the multifocal setup allows the reduction of the measuring time by a factor 
proportional to the amount of foci while maintaining the same standard deviation. 
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Example 2 

With a similar multiphoton, multi-focal set-up comprising B foci,, the mean particle number and the 
CPP are shown in Table 1 . Again, Tetramethykhodamine In combination with an excitation wavelength 
of 830 pm was used. Ab can be seen from thts table, the obtained results show a high uniformity. The 
measured CPP of roughly 20 is close to the saturation value obtainable with the employed APD 
detectors. This value can De Increased further when ualng stapHleatore protecting the dye from 
photobleachlng. The CPP value Is then about 50 CPP which is very close to the values obtainable with 
one-photon excitation. 



Table 1: 



Focus 


CPP 


Particle Number 


Average 


21.05 


7.60 I 


1 . 


21 .4S 




2 


21.04 


7.81 


3 


23.22 


7,36 


4 


18.64 


7,62 


5 


22,24 


7,97 


6 


21,27 


7.63 


7 


21 .71 


8,83 


S 


18,79 


7.28 



Example 3 

In order to elucidate the Influence of the lower CPP obtained with two-photon excitation for fluctuation 
analysis a measurement using one-photon excitation was compared with the eama measurement 
using two-photon excitation. The diffusion times of the free TMB dye and tne TMR-labeied protein 
Bovine Serum Albumine (BSA) were measured and the z-factor was calculated for both excitation 
options. For the one-photon excitation the excitation wavelength was 543 nm and the excitation power 
was approximately 100 //W- For two-photon excitation the excitation wavelength was 840 nm and the 
excitallon power was approximately 30 mW at pulswidths of about 200 fs and a repetition rate of 90 
MHz. In at! measurements the measured particle number was adjusted to 5 particles per focus. The z- 
factor was calculated as z = 1 -(3a TMfi BSA+3cfTMft)/< x TMflpaA^ T Mp). Here, Xtmrbsa and x T mp denote the 
mean value of 100 measurements of the fitted diffusion time measured In a FCS experiment of a 
sample with TMR-labeied BSA and TMR, respectively, gtmpbsa and o T mr are the standard deviations of 
the corresponding mean values. The results are shown in Table 2 - The z-factor Is a measure for the 
suitability of an biochemical assay to discriminate between two assay endpolnts, An assay with a z- 
factor above 0.5 is usually regarded to have sufficient resolution. As can be seen from table 2, the 
nsaay Ljsing 2-photon excitation In one focus Is only performing slightly worse than using one-photon 
exclta^Mgn in one focus. However, the z-factor of a one-focus, one-photon measurement is significantly 
worse than the same measurement of a multifocal (12) two-photon set-up. The z-factor of the multh 
■focal multi-photon measurement shows the feasioilUy of this defection technique for determlng 
biomolecular parameters. These results are further depleted In Figure 9. 
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Table 2: 



Experiment . 


tow [TMfl] 


tour (TMRQSA) 




1 P Excitation 
[543 nm, 1 focus] 


64,45 * 5,34 


659,89*213.46 


-0,10 


1 P Excitation 
[543 nm, 12 foci) 


63,86*1,52 


669,00 * 34,83 


+ 0,82 


2P Excitation 
[850 nm, 1 focus) 


23,24*2,72 


30t.l4* 104.76 


»0,16 


2P Excitation 
(850 nm, 12 foci) 


23,48 ±2,57 


314,69*27,88 


+ 0,69 



Example 4 

Fig. 10 shows lifetime analyses of TMR mat are measured with the multifocal setup. Even at shortest 
measuring times, the quality of the curves Is very high. The Instrument response time that was 
achieved is lower than 600 ps which is close to the time resolution of the APDs used In these 
experiments. 



